The new phase Co2ScSbO6 and Ni2-xCoxScSbO6 solid solutions adopt the polar Ni3TeO6-type structure and order magnetically below 60 K. A series of long-period lock-in [0 0 1/3n] spin structures with n = 5, 6, 8 and 10 is discovered, coexisting with a ferrimagnetic [0 0 0] phase at high Co-contents. The presence of electrical polarisation and spontaneous magnetisations offers possibilities for multiferroic properties.
Multiferroics 1 combining magnetic and ferroelectric orders have been intensively investigated for a range of potential applications. [2] [3] Materials showing magnetically induced ferroelectricity often have strong magnetoelectric couplings at low temperatures, [4] [5] and geometrically frustrated spin networks 6 favour large magnetoelectric effects, as the development of non-collinear spiral magnetic structures can break the inversion symmetry and consequently allow a net polarization. [7] [8] Cation-ordered structures based on the corundum type have been of great interest for multiferroic properties as the LiNbO3, 9 Ni3TeO6 10 and ordered ilmenite 11 types are all polar permitting ferroelectricity. Frustrated honeycomb layers of transition metal cations can lead to helical spin structures that may give rise to magnetically induced ferroelectricity, for example, in the Mn2BB'O6 family. 12 The Ni3TeO6 (NTO, space group R3) type Ni2ScSbO6 has been reported to be ferroelectric below 1050 K and to have a helimagnetic structure with propagation vector k = [0 0.036 0]. 13 The presence of four crystallographically independent cation sites in the NTO-type structure provides chemical degrees of freedom to manipulate the physical properties. 14 Here we report a new analogue Co2ScSbO6 and the complex evolution of magnetic orders across the Ni2-xCoxScSbO6 series.
Polycrystalline specimens of Ni2-xCoxScSbO6 (x = 0, 0.5, 1 and 1.5) were synthesized by grinding together stoichiometric proportions of NiO, CoO, Sc2O3 and Sb2O5 oxides under acetone, pelletizing the mixture, and heating between 973 K and 1373 K with intermediate grindings and temperature intervals of 100 K. However, attempts to make the x = 2 composition by this method gave large amounts of the secondary Co2.33Sb0.67O4 spinel. A good quality sample of the new NTO-type material Co2ScSbO6 (a = 5.225(1) Å, c = 14.017(1) Å) was prepared under high pressure and temperature conditions using a Walker-type multianvil apparatus. The precursor was pressed at 6 GPa, heated at 1273 K for 1 hour, slowly cooled and decompressed. Sample colours in the Ni2-xCoxScSbO6 series gradually change from green to purple with increasing Co content and initial structural characterization using laboratory powder X-ray diffraction (XRD) showed that NTO-type phases are present throughout along with minor secondary phases (Sc5.5Sb1.5O12, (Ni,Co)O and Co2.33Sb0.64O4; proportions determined from Rietveld fits to NPD patterns are shown in ESI). High-resolution neutron powder diffraction (NPD) data have been collected on SPODI (FRMII, Munich), WISH (ISIS, Oxford) and D20 (ILL, Grenoble) diffractometers to determine cation distributions and precise oxygen positions (Ni, Co, Sc, Sb, and O neutron scattering lengths are respectively 10.30, 2.49, 12.29, 5.57 and 5.80 fm), and to determine low temperature magnetic structures for all the samples. Rietveld analysis was carried out using the Fullprof package 15 and BasIreps 16 was used for magnetic structure analysis. The Rietveld fit to 100 K NPD data (collected from WISH@ISIS) of Co2ScSbO6 confirms that it adopts the NTO structure shown as inset in Fig. 1 Please do not adjust margins Please do not adjust margins previous study, 13 but a substitution of Sc by Co that increases with x is observed across the series as shown in the inset of Figure 1 . Refinement procedures, fits and results are explained and shown in ESI. Figure 3 shows the evolution of the principal magnetic diffraction contributions in the Ni2-xCoxScSbO6 series, obtained by subtracting the 100 K from the 4K NPD profiles (collected from WISH@ISIS for x = 2; SPODI@FRMII for x ≠ 2). x = 0 Ni2ScSbO6 has prominent magnetic satellite reflections around the (101) peak and a magnetic (003) peak, which arise from an incommensurate [0 ky 0] magnetic propagation vector. As noted previously, 13 NPD cannot distinguish between a helical model with spins confined to the xz plane and a cycloidal model with spins in the yz plane, and the latter is shown in Figure 4 (a). Introduction of Co 2+ to give the x = 0.5 sample leads to a dramatic change in the magnetic scattering as the splitting between (101) satellites decreases greatly, and a new pair of satellites appears around (003) while the fundamental peak disappears. These were indexed by a different [0 0 kz] propagation vector corresponding to a helical spin structure as shown in Fig. 4(b) . The [0 0 kz] phase persists across all the Codoped samples with a decrease in kz, as evidenced by the decreasing splitting between satellite pairs in Fig. 3 are instead locked into a series of long period commensurate spirals (up to 420 Å for n = 10 Co2ScSbO6), as discussed later. Additional magnetic intensity at the (003) position arises for high Co-contents x = 1.5 and 2. This reveals an additional commensurate [0 0 0] magnetic phase with spin ordering as shown in Fig. 4(c) . This corresponds to the n  ∞ limit of the above [0 0 kz] series. An important difference is that the [0 0 0] phase has antiparallel layers of inequivalent Co(Ni)1 and Co(Ni)2 site spins and so is ferrimagnetic, whereas these spin layers are successively rotated in the [0 0 kz] spirals with finite n which are thus antiferromagnetic. Results of magnetic refinements using the 4 K NPD data are summarised in Table 1 .
Fig
The thermal evolution of the spin order for x = 1.5 has also been studied on instrument D20@ILL with wavelength λ = 3.6 Å and a take-off angle of 65°, providing a high resolution to resolve the satellite peaks from the fundamental magnetic reflections. Assuming the magnetic moments to have the same value in both [0 0 kz] and [0 0 0] phases gives a saturation value of 2.94(1) μB for Co2ScSbO6 at 1.7 K, close to the ideal spin-only value of 3.00 μB, and [0 0 kz]:[0 0 0] phase proportions of 63 : 37. No changes to the magnetic order are found up to TC for any of the Ni2-xCoxScSbO6 materials. Furthermore, proportions of coexisting [0 0 kz] and [0 0 0] phases for the x = 1.5 and 2 compositions also do not change, and the two phases appear to share a common TC as shown for Co2ScSbO6 in Fig. 5a , with further refinement results in ESI.
These results demonstrate a very rich magnetic behaviour in the Ni2-xCoxScSbO6 system as shown by the magnetic phase diagram derived from NPD and magnetisation measurements in Figure  5b . In conclusion, a new oxide Co2ScSbO6 has been synthesised at 6 GPa, and solid solutions Ni2-xCoxScSbO6 (x = 0 -1.5) were prepared at ambient pressure. All compositions adopt the Ni3TeO6-type structure with polar space group R3, and order magnetically below 60 K. A very rich magnetic phase diagram is discovered with magnetic order switching from an incommensurate [0 ky 0] phase for pure Ni2ScSbO6 to a series of long-period lock-in [0 0 kz] spin structures with kz = 1/3n for Cocontaining x = 0.5 -2 samples. These coexist with a ferrimagnetic [0 0 0] phase at x = 1.5 -2. The presence of electrical polarisation and spontaneous magnetisations for Corich materials opens the possibilities for magnetoelectric coupling leading to multiferroic properties. The authors thank EPSRC and STFC for support of this research.
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